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A significant number of plants for producing non-Newtonian 
polymers have been built in the past few years, and more will be built 
in the future. There is a shortage of heat transfer data and pressure 
drop data for the flow of non-Newtonian fluids across tube banks. 
A tube bank was designed in hopes of obtaining heat transfer 
data and pressure drop data for the flow of non-Newtonian fluids across 
tube banks. The tube bank was tested experimentally using water and 
was found to give partially unsatisfactory results. Design details 
and ~sults of the experimental runs are presented in this thesis. 
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construction of the apparatus. I wish to also express my gratitude to 
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INTRO DUCT I ON 
Heat exchange equipment makes up a significant portion of the 
investment for many chemical plants. The heat exchange equipment is 
often larger than is required due to the lack of reliable heat transfer 
coefficients. Predicted heat transfer coefficients for the shell side 
of shell and tube heat exchangers are often unreliable. A step in 
the direction of more reliable shell side heat transfer coefficients 
is the accurate determination of heat transfer coefficients for flow 
across ideal tube banks. 
Pumping equipment is also often overdesigned due to the lack of 
reliable pressure drop calculation methods. 
A number of new polymers have been developed in the last few 
years, and more polymers are likely to be developed in the years to 
come. The behavior of solutions of these polymers is often non-Newtonian. 
Little information has been published on the development of heat 
transfer coefficient and friction factor correlations for the flow 
of non-Newtonian fluids across tube banks. 
The following goals were set for this project: 
l. Design an apparatus which may be used to obtain heat 
transfer coefficients and friction factors for the flow of 
fluids across tube banks. 
l 
2. Test this apparatus for reliability using water and compare 
results with those presented in the literature. 
3. Using the apparatus• obtain heat transfer coefficient and 
friction factor data for a non-Newtonian fluid. 
4. Correlate these data for the non-Newtonian fluid. 
Goals 3 and 4 were not reached due to the fact that the apparatus 
designed did not give reliable heat transfer coefficients for water. 
2 
CHAPTER II 
FLUID BEHAVIOR CLASSIFICATION 
Newtonian Fluids 
A Newtonian fluid is one for which the following equation 
applies: 
du 
t = JJ - (l) 
dy 
The proportionality constant,µ, is known as the viscosity. The 
• di du • d h d · l d h velocity gra ent, a.y• is calle t e shear rate, an. t is cal e t e 
shearing stress. 
The viscosity, defined in the above equation, is dependent on the 
temperature, pressure , and. the fluid under consideration. It does not 
depend upon the rate of shear. If shearing stress and shear rate are 
plotted at constant temperature and pressure, a straight line is 
obtained (see Figure 1) passing through the origin. The slope of this 
straight line is the viscosity. 
Non-Newtonian Fluids 
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Classification of Non-Newtonian Fluids 





!.!!!,-Independent !.2!!;-Newtonian Fluids 
For these fluids, the shear stress does not depend upon the 
duration of the shear. These fluids are usually subdivided into three 
types. These are 
l. Bingham plastics 
2. Pseudoplastic fluids 
3. Dilatant fluids 
The shear curve for each of these three types of time-independent 
fluids is presented in Figure 1. 
Binseam Plastic. This type of fluid has a linear shear curve; 
however, the shear curve does not intersect the axis at the origin but 
intersects the axis at a fixed point Ty• which is an initial shear 
stress which must be exerted on the fluid to make it flow. This fluid 
is characterized by the following equation ( l) : 
5 
t - Ty = µB (~) 
dy 
(2) 
The term, µB• is called the plastic viscosity or coefficient of 
rigidity. 
Pseudoplastic. The shear curve for this type of fluid passes 
6 
through the o~igin• and its slope decreases with increasi~g shear 
rate (see Figure 1). The shear curve of this type of fluid tends to 
become linear at very high shear rates. The shear curve for a 
pseudoplastic fluid can often be represented by the following equation 
( l): 
T : (3) 
The constant, n, is an indication of the deviation from non-Newtonian 
behavior, and K is a measure of the viscosity of the fluid. Tne 
constant, n, equals 1.0 for a Newtonian fluid. Pseudoplastic ~luids 
are often referred to as power law fluids• since their shear curve can 
often be represented by Equation 3. For these fluids, the constant, 
n, must be between O and l. 
Dilatant Fluids. The shear curve for these fluids passes through 
the origin, and its slope increases with increasing shear rate (see 
Figure 1), The behavior of these fluids can be represented by the 
power law equation (Equation 3); however, the constant, n, for these 
fluids is greater than one since the slope of the shear curve increases 
with increasing shear rate •. 
!!2:.-De2endent Non~Newtonian Fluids 
For these fluids, the apparent viscosity depends upon the length 
of time during which the shear has been applied. These fluids are 
subdivided into two types. These are 
l. Thixotropic 
2. Rheopectic 
Thixotropico The appare.nt viscosity decreases with the time of 
shear (1). 
Rheopectico The apparent viscosity increases with the time of 
shear (1). 
Viscoelastic Fluids. These fluids exhibit both viscous and 
elastic properties ( 1). The energy applied to such a fluid is stored 
as potential. energy in addition to being dissipated as heat by the 
viscous forces. An equation to describe such behavior should be a 
combination of Newton's viscosity law for fluids and Hooke's law for 
elastic materials (1). 
It is highly possible that a particular fluid will not fall into · 
a particular classification for all shear rates. A fluid may be time-
dependent for a short period of time and become _time-independent after 




Newtonian Fluid Flow Across Tube Banks 
Convection heat transfer rate and flow resistance data for the 
flow of gases over tube banks were obtained by Pierson (2) to determine 
the effect of varying the spacing of tubes of identical size. Measurements 
were made for both in-line and staggered tube arrangements. The tubes 
were electrically heated. The Reynolds number, D0 Gm/µ, range was 
from 2 ,ooo to 40 ,ooo. These measurements showed that the heat transfer 
rate and flow resistance are significantly affected by variations in the 
tube spacing. 
Investigations were made by Huge (3) to determine the effect of 
tube size on the heat transfer coefficient and the pressure drop. These 
tube banks had both in-line and staggered tube arrangements. Condensing 
steam and water were used in the tubes, and the Reynolds number range 
was from 2 9000 to 70 ,ooo. The heat transfer coefficient was found to 
be proportional to the 0.61 power of the Reynolds number. 
The ~data obtained by Pierson ( 2) and Huge ( 3) were analyzed by 
Grimison ( 4) in hope of obtaining a heat transfer correlation and a 
friction factor correlation suitable for commercial use. The investigation 
by Grimison ( 4) covered Reynolds numbers from 2 ,ooo to 40 1000. The 
work by Grimison (4) indicated that the heat transfer rate is proportional 
8 
9 
to approximately the 2/3 power of the Reynolds number. Grimison (4) 
also presented graphical correlations of the friction factor as a 
function of Reynolds number, tube spacing transverse to flow, tube 
spacing in the direction of flow. and tube diameter. 
Data for the flow of oil across unbaffled tube banks has been 
presented by Bergelin, Colburni and Hull (5). The effect of tube size, 
pitch ratio, and the number of tube rows were investigated. Most of 
these data are for the laminar flow region. The Reynolds number ranged 
from 1.4 to 875. 
Bergelin, Brown, and Doberstein (6) have presented an extension of 
the previous work. Pressure drop and heat transfer rate data for flow 
of a light oil across five tube banks having five different tube 
arrangements were obtained. The Reynolds number ranged from 25 to 
10,000. The data for the lower Reynolds numbers are in good agreement 
with those presented by Bergelin, Colburn, and Hull ( 5). The data for 
the higher Reynolds numbers are in generally good agreement with the 
data of Grimison { 4). 
Non-Newtonian Fluid Flow 
Metzner (7) has presented a generalized form of the Reynolds number 
to be applied to power law non-Newtonian fluids. Metzner substitutes 
V = 4Q/1r D2 and rearranges the following expression derived by 
Rabinowitsch (8) for a time-independent fluid in laminar flow in a 
conduit: 
+ (~\ dyJ 
w 
= 3 (.1.9_) + D 6P d ( 8Q/1r n3) 
n n3 41 d (D tiP/41) 
(4) 
10 
The substitution of V = 4Q/'rr D2 and rearrangement gives 
(~) 
dy w 
= 3/4 (E) + l (ll) d R.n ( av /D) 
D 4 D d R.n l D 6P /41) (5) 
Metzner then makes the following substitution: 
l d R.n (8V/D) 
ii""' = d R.n (D 6P/4L) (6) 
Rearrangement of Equation 5 then gives 
(~) = 3n' + 1 (l!Y.) 
dy w 4n I D 
(7) 
The constant, n' • can now be found from the slope of a plot of R.n (8V/D) 
against R.n (D 6P/4L). Integration of Equation 6 for a constant n' gives 
n' 
D AP - K' 41- (~) D 
( 8) 
where K' is also a constant. The constants K' and n' have been found 
to be constant over wide ranges of 8V/D ( 7). Metzner substitutes the 




f = (D AP)/P. V2 
41 2 gc 
f = __ 1_6_y ___ _ 
on' y2 - n' p 
\)\,, 1·" 
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Letting f = 16/Re now gives the following generalized Reynolds number: 
-- on' y2 - n' P Re 
y 
( 11) 
Y = g K' en' - 1 . C 
ll 
(12) 
This generalized Reynolds number has. given very. good correlation results 
for the Fanning friction factor for flow inside circular tubes (7). 
The Reynolds number for flow across tube banks is 
(13) 
By analogy with Equations ll and 13 1 the generalized Reynolds number 
for non-Newtonian fluid flow across a tube bank is proposed to be 
Re = 
D n' v 2 - n' o m P 
1,1 
'The proposed form given in Equation 14 will reduce to the Newtonian 
form of Equation 13 for n' =las for Newtonian flow. 
Acrivos. Petersen. and Shah (9) have presented data for heat 
transfer from a single cylinder to a power law non-Newtonian fluid. 
They have presented plots of theoretical heat transfer coefficients 
(14) 
from boundary layer theory as a function of the generalized Reynolds 
number. They have also presented plots of the experimental heat 
transfer coefficients against the theoretical heat transfer coefficients. 
The experimental and calculated heat transfer coefficients agreed 
fairly well. 
The friction factor is used for correlation of the pressure drop 
data obtained in this work, This friction factor is defined by the 
following equation: . 
f = t.P Sc P 
2 G2 N 
( 15) 
For the heat transfer data, the Nusselt number, h D0 /k 1 was to be 
correlated as a function of the generalized Reynolds number defined by 
Equation llo It was hoped that the friction factor and Nusselt number 
would be the same as for Newtonian fluids with the non-Newtonian 





The fluid beipg circulated was pumped from a holding barrel into 
a 1 1/2 inch schedule 40 pipe where it flowed through an orifice plate, then 
the tube bank, and back into the holding barrel (see F_igures 2 and 3). 
Tube Bank 
The walls of the tube bank were made of brass 3/16 inch thick 
and were soldered together. The tube bank was 6 inches long by 2 13/16 
inches by 2 7/8 inches (see· Figures 4, 5, and. 6) • The tube ban~ · consisted 
of ten :rows of 3/8 inch o.D. by 2 7/S inch long brass tubes which were 
soldered into the tube bank walls. The tubes were in a t>otated square 
configuration• and the pitch-to .. tube diameteri ,:,atio was l. 333; that is• 
the center-to-center distance between adjacent tubes in the rotated 
square was l/2 inch (see Figure 4). -Half-tubes were soldered to the 
tube bank walls at places where there was space for only half of a 
tube in order to reduce wall effects (see Figu~e 4), 
Two l/4 inch o.D. copper tubing p~essure taps wezie connected to 
the tube bank (see Figurie 4) to measure the pressure dx-op across the 
tub.e bank. 
The tube bank \'las held in place by tl'lo 2-inch pipe flanges. 
The flanges were machined so that the tube bank would fit into the 
flanges (see Figure 7). Cork gaskets. 1/16 inch thick• were 
13 
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Side View ................. 
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Figure s. Side View and End View of Tube Bank 
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Figure 6. Tube Bank Phot ographs 
19 
Figure 7. Flanges Holding Tube Bank 
inserted between the tube bank and the flange surface to prevent 
leakage. 
A piece of screen was also placed ahead of the tube bank to 
smooth the flow and to prevent foreign material from flowing into the 
tube bank. 
Tube Construction 
All of the tubes except five were of brass rod 3/8 inch O.D. by 
2 7/8 inches long. Five of the tubes were specially made so that an 
electrical current might be passed through them in order to generate 
a known amount of heat. Three tube designs were considered; however, 
only two were used experimentally. 
Design f;. 
The heating element consisted of a 1/8 inch O.D. graphite rod 
surrounded with a 1/16 inch thick layer of insulating cement (see 
Figure 8). Around the insulating cement was the l/16 inch thick wall 
of the brass tube. A small hole was located in the center of the 
graphite rod for inserting a thermocouple to measure the temperature 
20 
at the center of the tube. After attempting to construct an 
experimental tube, this design was abandoned due to the difficulty 
involved in getting the insulating cement between the graphite and the 
tube wall. This difficulty occurred because the space between the 
graphite rod and the tube wall was too small for one to be able to 
insert the cement. Also, the electrical resistance of the graphite rod 
was so low that large currents (10 to 50 amperes) would be required to 
produce the desired amount of heat. 
Thermocouple 
l~Lead 
r- Tube Wall -
1/16 in. Thick 
Resistance 
Cement 
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The heating element consisted of Thermon Standard heat transfer 
cement packed in a zircon tube having an inside diameter of l/8 inch and 
an outer diameter of 5/16 inch (see Figure 9). The electrical resistivity 
of this type of element is much larger than that of the graphite; there-
fore, much lower currents were required for Design B. The zircon tube 
was surrounded by the brass tube wall. A thermocouple was placed between 
the zircon and the brass wall by cutting a slot approximately l/16 inch 
wide and l/16 inch deep into the wall of the zircon tube. It was possible 
to rotate the zircon tube; therefore I it was possible to measure the heat 
transfer rate at different radial positions on the tube. 
Desigp £. 
This design was the same as Design B except there was no slot in 
the zircon tube, because the thermocouple was soldered into the tube 
wall from the outside of the tube. 
Auxiliary Equipment 
The pump was a Moyno 1L6, type CDQ 1 positive displacement pump, 
and it was driven by a three-horsepower electric motor. A variable-
speed drive attached to the motor was used to control the flow rate. 
A 42-gallon barrel was used to hold_ the fluid being circulated. 
Voltage for the heated tubes was controlled by a Powerstat. A O - 1 
ampere A.c. ammeter and a O - 50 volt voltmeter were used to measure the 
heat supplied to the tubes at low-heat inputs. At the high-heat inputs• 
a O - 5 ampere A.C. ammeter and a O - 150 volt voltmeter were used. A 
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Copper-constantan thermocouples (24 gauge) were used to measure 
the bulk-fluid temperature and the tube temperatures. A selector 
25 
switch was used to select the proper thermocouple• and the thermocouples 
were connected to a portable Leeds and Northrup potentiometer. Thermo-
couple calibration tables accompanying the potentiometer were used for 
thermocouple calibration. 
An orifice plate with a diameter of 23/32 inch and a thickness of 
1/8 inch was used to measure the flow rate (see Figure 3). The 
orifice pressure taps were of 1/4 inch O.D. copper tubing and were 
connected to a 30-inch • U-tube manometer containing mercury. 
The pressure taps for measuring the tube bank pressure drop were 
of 1/4 inch copper tubing and were connected to a 30-inch, U-tube 
manometer containing carbon tetrachloride. A very small amount of 





The holding barrel was filled about half full of water. This was 
done several hours before any runs were made to allow the water to 
come to room temperature. 
The pump speed was turned to the lowest setting, and the pump was 
started. 
The air was then bled from the lines to the manometers through 
valves located above the manometer. These valves were allowed to remain 
open for about 30 minutes. 
Orifice Calibration 
The orifice pressure dl'Op was recorded. A stop watch was used to· 
measure the time necessary for 21 pounds of water to flow into a 
bucket. Several of the time measurements were made, and the average 
time required was recorded. 
Heat Transfer Data Procedure 
The Powerstat voltage was set to give the desired heat input to 
the heated tube. The potentiometer was then used to measure the voltage 
for the thermocouple in the bulk fluid and for the thermocouple in the 
26 
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heated tube. When the potentiometer readings for the thermocouple in 
the tube and for the thermocouple in the bulk fluid became constant, they 
were recorded. The manometer reading was also che'cked to see that it 
remained constant. It usually took less than one minute for these 
readings to become constant. The voltmeter reading, ammeter reading, 
and orifice manometer reading were then recorded. This procedure was 
carried out for each flow rate. 
Pressure Drop Data Procedure 
The temperature of the water was recorded, and the orifice and 
tube bank manometer readings were then recorded for each flow rate. 
CHAPTER VI 
PRESENTATION AND DISCUSSION OF RESULTS 
Heat Transfer Results 
Heat transfer results were obtained for both tube designs B and 
c. 
Desi$!} ! 
These tubes were designed in such a way that the heat transfer 
coefficient at radial positions besides the forward stagnation point 
could be obtained by rotating the slotted zircon tube to put the tube 
thermocouple at the desired point. Heat transfer data were obtained 
at angles .of 0° 1 90° 1 180° 1 270° 1 and 315° in a clockwise direction 
from the forward stagnation point. These data were found to be 
reproducible at a given angle. 
The results obtained for this tube design are presented in Table I. 
The following discrepancies were found in the results: 
1. There was no significant variation of the heat transfer 
coefficient with flow rate. 
2. The heat transfer coefficients did not vary with radial 
position as one would expect. 
3. The heat transfer coefficients were much lower than 
expected. According to the work of Grimison (4), 
28 
TABLE I 
HEAT TRANSFER RATE RESULTS FROM DESIGN B 
Run Q Ttube Twater /J.T Vm h 
Number e Btu/hr. or or or ft. /sec. Re Btu/hr.-ft. 2- 0 r 
l oo 20.4 87.5 ·1s.s 12.0 5.64 21,100 83.3 
2 oo 20.1 87.3 75.S 11.8 3.02 11.aoo 83 
3 oo 20.2 87.5 76.0 11.s 2.73 10,200 85 .6 
4 90° 18.13 89.l 77.5 11.6 s.64 21,100 76.3 
5 goo 18.13 ea.a 77.5 11.3 4.34 16,300 78.3 
6 goo 18.13 89,l 77.5 11.6 2.73 10,200 76. 3 
7 180° 18.0 85.S 77.0 B.5 3.79 14,200 103 
8 180° 17.75 85.4 77.0 8.4 4.42 16,600 103 
9 180° 17.4 , es. 2 77.0 8.2 2.73 10,200 103 
10 270° 16.l so. 7 77.4 3.3 2~73 10,200 238 
ll 270° 16. 25 81 77.5 3.5 4.52 17,000 229 
12 270° 16.36 Bl 77.5 3.5 5.64 21,100 231 
I\) 
co 







TABLE I (Concluded) 
HEAT TRANSFER RATE RESULTS FROM DESIGN B 
Q Ttube Twater t.T V m 
Btu/hr. or or or ft. /sec. Re 
22.9 83.3 75.5 7.8 1.46 59500 
22.7 82.7 75.5 7.2 2.91 11,000 
21.9 81.2 75.5 6.7 4.33 16 9300 
21.6 81.8 75.,5 6.3 5.64 21.100 










they should have been between 2 1000 and 3•000 Btu/hr.-ft. 2- 0 r. 
These three discrepancies may be attributed to a layer of air between 
the outer surface of the zircon tube and the inner surface of the brass 
tube. For a heat transfer rate of 20 Btu per hour and an air gap of 
0.01 inch, the temperature difference across the air gap would be 54°F. 
Due to this air gap, the tube thermocouple which was in the air gap 
was giving a temperature significantly different from the tube wall 
temperature. The thickness of the air gap varied with radial position 
because neither the brass tube nor the zircon tube was perfectly round. 
This caused the unexpected variation of the heat transfer coefficient 
with position. 
With this tube design, the tube thermocouple could not be put in 
good contact with the tube wall; therefore, Design C with the thermocouple 
soldered into the tube wall from the outside was devised. 
Desigp £ 
Unlike Design B, this design did not allow one to investigate the 
radial variation of the heat transfer coefficient. 
The set of results presented in Table II was obtained for the first 
heated tube with the tube thermocouple at the forward stagnation point. 
This set of results agrees more favorably with the correlation of 
Grimison (4) as shown in Table III; however, the coefficients are still 
too low. 
Results obtained at higher heat inputs gave apparent heat transfer 
coefficients which seemed to be too high due to heat being conducted 
from the heated tube to the rest of the tube bank and to the atmosphere. 
The results obtained at the higher heat inputs are presented in Table IV 
Run Q Ttube 
Number Btu/hr. or 
17 96.6 72.4 
18 96e6 72.6 
19 96.7 74.0 
20 94.8 76. 8 
TABLE II 
LOW HEAT INPUT RESULTS FOR DESIGN C 
Twater AT Vm or or ft. /sec. 
69.7 2.7 4.50 
70,5 2.1 s.1 
71.l 2.9 4.12 
















COMPARISON OF LOW HEAT INPUT RESULTS WITH 
GRIMISON CORRELATION ( 4) 
h (This Work) h (Grimison) Percent 
Re Btu/hr,-ft. 2 .. or Btu/hr,-ft. 2-or · Difference 
16 ,ooo 1,730 2,300 -29.l 
20,300 2,250 2,490 -9,62 
·14 1,~oo 1,650 2 ;240 -26. 3 
9 1 800 935 1,940 -51.8 
Run Q Ttube 
Number B-tu/hr. or 
21 294 82.2 
22 683 90.0 
23 297 84.2 
24 672 90. 4 
25 322 95.0 
26 875 93. 7 
27 246 82.9 
28 552 86. 7 
TABLE IV 
HIGH HEAT INPUT RESULTS FOR DESIGN C 
Twater AT Vm or or ft./sec. 
76.8 5.7 5 .4 
78.l 11.9 5 .4 
78.4 s.0 s.1 
78.7 11.7 s .. 1 
78.8 6.2 4.24 
78.9 14.B 4.24 
78.9 1.0 3,16 























and are compared with the Grimison correlation (4) in Table v. This table 
shows that the heat transfer coefficients increased with increasing heat 
inputs at a constant flow rate. Thus, it is apparent that there were 
significant heat losses. A thermocouple placed on tubes other than the 
heated tube showed elevated temperatures which also indicates a 
significant heat loss. These heat losses are also indicated by the 
incorrect variation of the heat trans.fer coefficient with flow rate; 
that is, the heat transfer coefficients do not decrease with decreasing 
flow rate. 
It was highly desirable to be able to use the higher heat inputs 
in order to get a larger temperature difference which could be measured 
more accurately. 
Pressure Drop Results 
From the pressure drop measurements, the friction factors were 
calculated. These results are presented in Table VI and in Figure 11. 
The results are reproducible. The friction factors agree with the 
values given by Bergelin, Brown, and Doberstein (6) and with the 
values given by Gr~mison ( 4) in the Reynolds number region ( 4 9000 to 
8 9000) where both of the literature sources apply. The friction factors 
do not agree with the values given by the Grimison correlation (4) 
at the higher Reynolds numbers where Bergelin, Brown, and Doberstein 
(6) do not present data (see Figure 11). 
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TABLE V 
COMPARISON OF HIGH HEAT INPUT RESULTS WITH 
GRIMISON CORRELATION (4) 
Q h (This Work) h (Grimison) Percent 
Re Btu/hr. Btu/hI'o .. ft. 2 .. 0 r Btu/h?'o-ft • 2or Dif fe?'ence 
20,300 294 2,510 2,490 +0.0 
20,300 683 2,000 2,490 +12. 45 
19,200 297 2,480 2,430 +2.0 
19,200 672 2,820 2,430 +16.l 
15,900 · 322 2,550 2,280 +llo9 
15,900 875 2,900 2,280 +27.2 
11,900 246 3,030 2,000 +45.7. 
ll,900 552 3,450 2,000 +65.9 
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TABLE VI 
PRESSURE DROP RESULTS 
Run t:,,P vm T f = t:,,p gc P Number ft. H20 ft. /sec. or Re 
2 G2 N 
Pl 1.32 6.25 75.5 23,100 0.0613 
P2 1.03 5.84 75.5 21,600 0.0620 
P3 1.03 5.21 75.6 19,200 o.0695 
P4 • 85 4. 89 75.6 10.100 0.0645 
PS .685 4.13 75.6 1s.200 0,0723 
P6 .525 3,46 75.7 12 ,soo 0.0100 
P7 .417 2.92 75.7 10 1 800 0.0879 
PB .290 2.33 75.B ,8 ,670 0,0969 
pg .180 l.78 75.8 6.600 0.103 
PlO .100 1.24 75.9 4.6.00 0.118 
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Figure 11, Friction Factor Versus Reynolds Nun'ber for a Tube Bank 
Having a Rotated Square Tube Configuration and a Pitch 
Ratio of 1, 33 
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TABLE VII 
COMPARISON OF FRICTION FACTOR RESULTS WITH 
GRIMISON CORRELATION (4) 
Percent 
Re f (This Work) f (Grimison) Difference ·· 
, . 23.100 0.0613 o.oss -27.9 
21.soo 0.0620 0.086 -27.9 
19 .200 0.0695 o.oss · -21.0 
10.100 0.0645 0.090 -28.4 
1s.200 0.0123 0.094 -23.l 
12 .aoo 0.0788 0,098 -19.6 
10 .soo 0.0079 0.102 -13.9 
8,670 0,0969 0.101 -9.43 
6 .600 0.103 0.110 --6.36 
4,600 0.11s 0,118 - o.o 
CHAPTER \TII 
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
Neither of the tube designs gave satisfactory results for the heat 
transfer coefficients of water; thus, no non-Newtonian fluid measurements 
were made. 
The apparatus gave reproduc:ible friction factor data. These data 
were in good agreement with literature values in the Reynolds number 
region (4 1000 to s,ooo) where there are two literature sources of data for 
comparison. Iri the Reynolds number region where there is one literature 
source for comparison, these data do not agree with the literature values. 
· The difficulties in getting acceptable hea,= transfer data· are. largely 
due to conduction of heat to the walls of the tube bank. Some difficulty 
was also caused by the fact that the tube bank was too small to permit 
proper instrumentation. 
Recommendations 
It is recommended that future studies of this type be carried out 
using larger equipment. It is also recommended that a two-fluid system be 
used; that is• a fluid such as steam or cold water should be used in the 
tubes instead of electrical heating. This would eliminate the problem of 
measuring the tube wall temperature. The work would perhaps be more 
applicable to commercial use where a large number of tubes are providing 
or removing heat instead of a ~ingle tube. 
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A P P E N D I X A 
D E F I N I T I O N O F S Y M B O L S 
42 
Ar - Minimum cross-sectional area for. flow 
AN - Tube area for heat transfer 
D - Tube diameter 
D0 - Outside diameter of tube 
DM - Orifice manometer reading 
DT - Tube bank manometer l:"eading 
F - Time to collect 21 lb. water for orifice calibration 
f - Fanning friction facto?' 
G - Mass velocity 
Gm - Maximum mass. velocity. 
gc - Conversion factor. 4.18 x 10 8 (lb.m-ft. )/(lb.rhr. 2) 
h - Heat transfer coefficient 
K' - COilsistency index for the gener,alized equation.· 
L - Tube length 
N - Number of tube rows 
n - Flow index for the power-law equation 
n' - Flow index for the generalized· equation 
P - Pressure 
Q - Heat duty 
R - Radius 
Re - Reynolds number 
T - Temperature 
u .. Velocity 
V - Bulk average velocity 
Vm - Maximum velocity occurring at minimum cross-sectional area 
W - Mass flow .rate 
du -- Shear rate dy 
43 
(~) · ·• - Shear rate at · the wall . · 
._ ..• ctr.· w 
... if - Pref!!SUre . drop 
t .; Snear stress . 
. i' • Initial shear stress for B.foghani plastic 
y 
·. - µ - _ Viscosity 
· µB ,; Pla$tic viscosity 
. . . . . . 
· e - Angle from forward stamiation point in the clockwise direction 
P-. Density 
A P P E N D I X B 




HEAT TRANSFER RAW DATA FOR DESIGN B 
Orifice 
Voltmeter Ammeter Water Tube Manometer 
Run Reading Reading Temperature Temperature Reading 
Number e Volts A-mperes or ·or in. 
l oo 15.6 o.384 75.5 87.5 24.0 
2 oo 15.6 0.378 75.5 87.3 7.6 
3 oo 15.6 0.380 76.0 87.5 6.2 
4 goo 15.6 0.345 77.5 89.1 24.0 
5 goo 15.6 o.345 77.5 88.8 15.0 
6 90° 15.6 0.345 77,5 eg.1 6.2 
7 180° 15.6 0.338 11.0 85.5 ll.6 
8 180° 15.6 0.333 77.0 85.4 15.5 
9 180° 15.6 o.326 11.0 85.2 6.2 
10 270° 15.6 0.303 77.4 so. 7 6.2 
11 270° 15.6 0,305 77.5 81.0 16.0 
12 270° 15.6 0.300 77,5 81.0 24.0 
13 315° 15.6 0.430 75.S 83.3 l.9 
14 315° 15.6 0.427 75.5 82. 7 7.0 
15 315° 15.6 o •. 412 75.5 81.2 15.0 
16 315° 15.6 0,405 75.5 81.8 24.0 
e = angle from forward stagnat,ion point in clockwise direction 
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TABLE IX 
LOW HEAT INPUT RAW DATA FOR DESIGN C 
Orifice 
Voltmeter Ammeter Manometer 
Run Reading Reading Twater Ttube Reading 
Number . Volts Amperes or or in. 
17 29.0 0.978 69.7 72.4 16.0 
18 29.0 o.975 70.5 72.6 25.0 
19 29.0 0.901 71.l 74.0 13.5 
20 29.0 o.960 71.8 76.8 6.0 
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TABLE X 
HIGH HEAT INPUT RAW DATA FOR DESIGN C 
Orifice 
Voltmeter Ammeter Manometer 
Run Reading Reading Twater Ttube Reading 
Number Volts Amperes or or in. 
21 42.8 2 .07 76 • 8 82.2 22.4 
22 54. 8 3.87 78.l 90.0 22.4 
23 44.0 1.98 78.4 84.2 20.0 
24 58.0 3. 40 78.7 90.4 20.0 
25 47.5 1.99 78,8· 95.0 14.4 
26 60.0 4.27 78.9 93.7 14.4 
27 33.0 2.18 78.9 82.9 8.3 




The heat input was found from the voltmeter and ammeter readings 
as shown below. 
Q = (Volts) (Amperes) (3.418 Btu/hr.-ampere-volt) 
The heat transfer area for the tube was 
Aif = (n) (0.375 in.) (2.5 in.) ( 1 ft. 2 ) = 0.0203 sq. ft. 
144 in. 2 




The velocity used in the Reynolds number was the velocity where 
the cross-sectional area for flow was minimum. This minimum flow area 
occurred between adjacent tubes in the rotated square. For the rotated 
square, these tubes are in different rows. The minimum flow area was 
Ap = (7) (0.125 in.) (2.5 in.) ( 1 ft. 2 ) = o.0152 sq. ft. 
. . · . ·· 144 in. 2 
The Reynolds number was then calculated. 
Do Vm P 
Re=---- (B-4) µ 
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From Table VIII• page 461 run number l 
Orifice Manometer Reading = 24.0 in. 
Water Temperature= 75,5°F 
Tube Temperature= 87 0 5°F 
Voltmeter Reading = 15 .6 volts 
Ammeter Reading = 0. 384 amperes 
Q = (Volts) (Amperes) (3.418 Btu/hr.-ampere-volt) 
Q = (15.6 volts) (0.348 amperes) (3.418 Btu/hr.-ampere-volt) 
= 20. 4 Btu/hr. 
h = Q/A8 l::.T = . . <2o. 4 Btu/hr.) = 83.3 Btu/hr.-ft. 2-°F 
. (0.0205 ft. 2 ) (87.5 - 75.5) °F 
From Figure 12, page 57, for DM = 24.0 in., Vm = 5.63 ft./sec. At 75.5°F, 
p = 62.3 lb./ft. 3 andµ= l.874 lb./ft.-hr. (10). 
H20 
Do Vm P 
Re=---= 
µ 
(0.375 in.) (5.63 ft./sec.) (62,3 lb./ft.3) 
( 12 in. /ft. ) · (1. 8 7 4 lb • /ft. -hr. ) ' 





The tube bank pressure drop was calculated from the manometer 
reading as follows: 
(B-5) 
where, DT = manometer reading in inches 
The following equation was then used to calculate the friction factor: 
AP gc p 
f -
2 G2 N 
where 6P = pressure drop, lb• f/ft • 2 
G = mass velocity• lb ./hr.-ft. 2 
N = number of tube rows = 9 
From Table XI, run number Pl, 
Tube bank manometer reading = ~ = 26.4 in. 
Orifice manometer reading= DM = 29.4 in. 
At 76°F, the density of CC14 is 99.4 lb. per cubic foot (ll). 
AP= (26.4 in.) (99 0 4 - 62.3) lb./ft.3 ( l ft.) 
12 in. 




TUBE BANK·PRESSURE DROP RAW DATA 
Tube Bank Orifice 
Manometer Manometer 
Reading Reading 
Run in 1. in. Temperature 
Number H20/CC14 H20/Hg or 
Pl 26.4 29.4 75.5 
P2 23.2 25,l 75.5 
P3. 20.60 21.6 75.6 
P4 17.00 17.6 75.6 
PS 13.70 13.2 75.6 
P6 10.so 9.6 75.7 
P7 8.34 7.2 75.7 
PB s. 80 4.86 75.8 
pg 3.60 2.76 75,8 
PlO 2.00 1.40 75.9 
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From F_i'gure 12. for DM = 29.4 inches, Vm = 60 26 ft./sec. 
G = Vp = (6.26 ft./sec.) (3,600 sec./hr.) (62.3 lb./ft. 3) 
ft.-lb.m 
f = 
(81.7 lb.f/ft. 2 ) ( 4.18 x 10 8 lb.f-hr. 2 ) (62.3 lb.m/ft. 3) 
( 6 2)2 ( ) l. 4 0 x 10 lb • m /hr. - ft • 9 
f = 0.0613 
Re= Do Vm P ... (0.375 in.) (6.26 ft./sec.) (62.3 lb./ft. ) (3 1600 sec./hr.) 
µ (1.874 lb./ft.-hr.) (12 in./ft.5 · · · 





ORIFICE CALIBRATION DATA 
Orifice 
Manometer 
Reading F T 
in. sec. /2J. lb. or 
29.4 3.55 75.S 
25.l 3. 80 75.5 
21.6 4.27 75.6 
17.6 4.57 75 .6 
13.2 5,40 75.6 
9.6 6. '40 75.7 
7.2 7 .60 · 75. 7 
4.86 9 .so 7508 
2.76 12.48 75.8 
1.40 17.90 75.9 
F = time required to collect 21 pounds of water 
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ORIFICE CALIBRATION CALCULATION METHOD 
W = (60 sec./min.) (21 lh./F sec.) (60 min./hr.) = 75.600 lh./hr. 
F 
A= Minimum cross-sectioned area for flow= 0.0152 sq. ft. 
vm =pl'= (7Sloo) lh./hr. ( l 2 ) ( l .. 3) ( l hr. ) = 2i.l 
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Figure 12, Orifice Calibration 
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